Integration of the human immunodeficiency virus (HIV-1) cDNA into the human genome is catalysed by integrase. Several studies have shown the importance of the interaction of cellular cofactors with integrase for viral integration and infectivity. In this study, we produced a stable and functional complex between the wild-type full-length integrase (IN) and the cellular cofactor LEDGF/p75 that shows enhanced in vitro integration activity compared with the integrase alone. Mass spectrometry analysis and the fitting of known atomic structures in cryo negatively stain electron microscopy (EM) maps revealed that the functional unit comprises two asymmetric integrase dimers and two LEDGF/p75 molecules. In the presence of DNA, EM revealed the DNA-binding sites and indicated that, in each asymmetric dimer, one integrase molecule performs the catalytic reaction, whereas the other one positions the viral DNA in the active site of the opposite dimer. The positions of the target and viral DNAs for the 3 0 processing and integration reaction shed light on the integration mechanism, a process with wide implications for the understanding of viral-induced pathologies.
Introduction
The human immunodeficiency virus (HIV-1) integrase (IN) catalyses the stable integration of the viral cDNA into the host genome, an essential step in the establishment of HIV infection. IN is a DNA recombinase that catalyses two endonucleolytic reactions. In the 3 0 -processing reaction, IN cleaves a dinucleotide from the U5 and U3 ends of viral cDNA, thereby exposing a 3 0 -OH group at each end of the viral DNA. In the strand-transfer reaction, IN generates a double-strand break in the host DNA and joins the newly formed ends to the viral 3 0 ends by transesterification (Engelman et al, 1991) . Host DNA repair proteins remove the two nucleotide overhang and fill in the DNA gaps to complete the integration reaction (Yoder and Bushman, 2000) . Both reactions can be carried out in vitro with purified IN and DNA substrates that mimic the viral DNA ends, in the presence of cofactors such as Mg 2 þ or Mn 2 þ (Zheng et al, 1996) . The enzyme consists of three structural and functional domains. The N-terminal zinc-binding domain (residues 1-50), which is required for 3 0 processing and strand transfer in vitro, binds viral DNA sequences and promotes IN multimerisation (Engelman et al, 1993) . The central catalytic core domain (CCD; residues 50-212) binds specifically to viral DNA. It contains the D, D-35E triad that coordinates divalent ions and is conserved in other retroviral integrases as well as in retrotransposon proteins such as the Tn5 transposase (Haren et al, 1999) . The C-terminal domain (residues 213-288) of IN has an SH3like fold (Eijkelenboom et al, 1999 ) that interacts with reverse transcriptase (Hehl et al, 2004) and binds DNA nonspecifically . IN has been the focus of a large number of structural studies, and the design of a soluble IN mutant (F185K) (Jenkins et al, 1995) led to several structures of the CCD alone (Dyda et al, 1994; Maignan et al, 1998; Chiu and Davies, 2004) , or with either the N-or the C-terminal domains (Chen et al, 2000; Wang et al, 2001) . These structures initiated computeraided modelling as well as negatively stained electron microscopy (EM) studies (Ren et al, 2007 ) that led to several models for the integration mechanism (Heuer and Brown, 1998; Gao et al, 2001; Karki et al, 2004; Wielens et al, 2005; Liao et al, 2007) . In vitro integration assays showed that IN activity is increased in the presence of cellular proteins (Turlure et al, 2004) . In particular, it has been shown that the transcriptional coactivator LEDGF/p75 interacts with HIV-1 IN as well as with other lentiviral integrases (Cherepanov, 2007) and that its expression is required for proviral integration and subsequent production of HIV-1 virions (Emiliani et al, 2005) . Interaction occurs through the CCD of IN and the C-terminal integrase-binding domain (IBD) of LEGDF (Busschots et al, 2007) . The function of LEDGF is to target IN to chromosomes of infected cells . A structure of an IN(F185K) CCD-LEDGF IBD complex has been solved (Cherepanov et al, 2005) . Unfortunately, in the absence of a structural model for the complete wild-type enzyme, none of the domain structures could give insights into the integration mechanism. To date, the poor solubility of the native fulllength IN protein in vitro has hindered attempts to determine the organisation of the fully active unit. To overcome these problems, we purified a stable complex between the wildtype full-length HIV-1 IN and the human LEDGF proteins with a stoechiometry of 4 IN and 2 LEDGF as shown by mass spectrometry analysis. A cryo negatively stain EM envelope was determined, and its volume is coherent with the stoechiometry of 4 IN and 2 LEDGF molecules. Known atomic structures were fitted and refined using normal mode flexible fitting. The structure in the presence of DNA permits to assess the positions of viral and cellular DNA. The proposed model is validated by the analysis of the DNA-protein interactions found by mutational and cross-linking studies found in the literature and carried out in this study. Taken together, the data reveal the quaternary organisation of the functional integration unit highlighting the role of each of its components and lead to a model for integration of the viral DNA into the host genome.
Results
Purification and characterisation of the IN/LEDGF complex GST-IN and His 6 -LEDGF were purified separately and solubilised in 1 M NaCl in the presence of 7 mM CHAPS. The complex, which is formed upon removal of the GST tag by specific proteases and of the solubilisation agents by dialysis, was purified to homogeneity by affinity chromatography and gel filtration ( Supplementary Figure 1) . The stoichiometry of the partners was determined by high-mass MALDI ToF mass spectrometry analysis (Nazabal et al, 2006) . Control experiments identified the mass of the two components: IN (MH þ ¼ 32.6 kDa) and His 6 -LEDGF (MH þ ¼ 63.4 kDa) ( Figure 1A ). In a second step, the purified complex was chemically cross-linked before mass spectrometry, which detected several protein complexes: [ 
Functional characterisation
To investigate the 3 0 processing and strand-transfer activities of the IN/LEDGF complex, we used 21-and 40-mer DNA duplexes that mimic the HIV-1 U5 viral DNA end ( Figure 1B ). In the presence of the 40-mer DNA, both the initial rate and the efficiency of the 3 0 -processing reaction are found to be higher for the IN/LEDGF complex compared with the recombinant IN alone, indicating that LEGDF stimulates the 3 0processing activity of IN. Interestingly, this increased activity is not observed when the 21-mer DNA is used, suggesting that a minimal DNA length is required to stimulate the 3 0 -processing reaction. Moreover, in the presence of LEGDF, the strandtransfer efficiency was strongly enhanced for both the 21-and the 40-mer DNA. Taken together, these results indicate that IN increases its biological activities upon interaction with LEDGF.
Electron microscopy of the cryo negatively stained IN/LEDGF complex
The IN/LEGDF complex was first observed in transmission EM after negative staining, which showed that more than 85% of the particles were homogeneous in size. The preliminary analysis of an image data set of 3732 isolated particles revealed molecular views that showed a clear twofold symmetry either in-plane for the side view or normal to the plane for the top view. This symmetry operator was also detected in the eigenvectors before any rotational alignment, indicating that the complex contains two identical units ( Supplementary Figure 2) . To improve the structural preservation of the sample, a cryo negative stain method was used to observe hydrated IN-LEDGF complexes with high contrast. The particles were sandwiched between two carbon films in the presence of uranyl acetate and quick frozen before complete dehydration (Golas et al, 2005) . The analysis of 11 441 molecular images again showed a two-fold symmetry and a 3-D model was calculated from 350 different views (Supplementary Figure 3A) . The re-projections of the 3-D model closely matched the original views ( Figure 1C ). The envelope shows a triangular shape when viewed from the side (14 by 15 nm) and a highly elongated shape (10 by 15 nm) when viewed down the two-fold axis ( Figure 1D ). The volume enclosed by the envelope is consistent with the stoichiometry of 4 IN and 2 LEDGF molecules (B260 kDa) determined by mass spectrometry and the resolution is of 14 Å according to the Rosenthal and Henderson criteria (Rosenthal and Henderson, 2003) (Supplementary Figure  4A ). To determine the position of the IN subunit, a complex was assembled in which the IN carried a GST fusion at its N-terminus. The analysis of negatively stained particles revealed a large additional density located in the upper region of the 3-D model (Supplementary Figure 5 ). This experiment places IN in the upper domain of the model, a position in which the EM envelope revealed a Y-shaped clamp of 8.5 by 7 nm in size emphasised by red dots in Figure 2A . To fit the known atomic structures into the EM map, we used a composite model of the full-length IN in complex to the IBD of LEDGF (residues 347-442) obtained by the superposition of the catalytic domains, which are present in all structures (Figure 2A ). This composite model could be readily placed into the Y-shaped clamp of the EM envelope. Normal modes flexible fitting in combination with rigid body refinement and structure idealisation were used to fit the integrase model into the EM map (Supplementary Figure  6 , 7 and Movie 1). The fitting parameters were chosen in a way not to modify the fold of the protein domains (Supplementary Protocol 4). The C-terminal IN extensions fit into each of the branches of the 'Y', whereas the dimeric CCD is accurately positioned into the central part of the clamp. In contrast, the N-terminal domains, which fall outside of the envelope, were readily fitted into an empty region of the EM map. The final model of the complex shows no steric clashes between the different domains, and the top part of the envelope is fully occupied by the known atomic structures ( Figure 2B ). The remaining density forms a W-shaped structure at the bottom of the complex and is consistent with the size of an LEGDF dimer ( Figure 2C ). 
Architecture of the functional IN/LEDGF/DNA complex
To determine the DNA-binding sites, the IN/LEDGF complex was incubated with a 10-fold molar excess of the 21-mer U5-substrate. A data set of 11 706 images of cryo negatively stained complexes was recorded and analysed independently of the previous model. The resulting 3-D envelope was slightly more elongated than the native complex ( Figure 1E ). The envelopes of the IN/LEGDF and the IN/LEGDF/DNA complexes were superimposed to reveal the structural changes induced by the addition of DNA ( Figure 2D ). The upper domain appears larger, suggesting that additional mass is bound to the IN molecules. Comparison of the two maps revealed a displacement of the top branch of the Y domain (C-terminal domain of integrase), which results in a closure of the clamp upon DNA binding ( Figure 2D ). The crystal structures were adjusted and refined as described earlier (Figure 2E ; Supplementary Figures 6, 8 and Movie 2). In each IN dimer, three-stain exclusion spikes are detected at the surface of the model (labelled 1, 2 and 3 in Figure 2D ). These spikes are likely to reflect protruding DNA molecules that exclude the stain as shown by (Schultz et al, 1996; Wagenknecht et al, 1988 ) (Supplementary Figure 3B) . A difference map between the EM envelope and the fitted model reveals 20 Å wide rod-like structures that are consistent with the size and shape of DNA molecules. The extremity of these rods corresponds to the above-mentioned spikes ( Figure 2F ; Supplementary Movie 4). Rod 1 is connected to the catalytic domains of IN, indicating that this density corresponds to oligonucleotides mimicking the viral DNA. Rod 2 lies between the two arms of the clamp and forms a continuous density with the two-fold related rod 2 0 of the second clamp, thus, producing a bent filament connecting the two IN dimers. As the ends of this filament do not point towards the active sites, we interpreted this density as the target DNA. A DNA fragment from the nucleosome structure (Richmond and Davey, 2003) could be fitted into this additional volume, which is consistent with the observation that nucleosomes promote the HIV integration reaction (Pruss et al, 1994a) . Moreover, the positions of the target DNA that are closest to the 3 0 ends of the two viral DNA are separated by a distance of 15 Å or five base pairs, which corresponds to the documented distance of viral DNA integration into the target DNA. The structure formed by the IN/LEDGF complex and these four DNA fragments (labelled 1,1 0 ,2,2 0 in Figure 2D ) could, thus, correspond to an integration intermediate between the 3 0 processing and the integration step. Rod 3 and the two-fold related rod 3 0 is consistent with a straight B DNA and lies at the interface with the LEDGF moiety ( Figure 2D and F). To gain some insight into the role of this unexpected DNA fragment, we superimposed the atomic structure of the IN catalytic site with that of the homologous Tn5 transposase in complex with DNA (Davies et al, 2000) . The path of the Tn5 DNA fits properly into rod 3, thus, indicating that the corresponding DNA fragment is in the position of the viral DNA during the 3 0 -processing step. The excess of 21-mer DNA can explain the concomitant occupancy of the 3 0 processing and integration site of IN. Using this information, a structural model for the 3 0 processing intermediate could be constructed ( Figure 2H ).
Model validation by DNA-protein cross-linking
Our proposed model fully agrees with previously published biochemical and genetic data. To further validate our structural model and to identify the protein domains in contact with the viral DNA, cross-linking experiments were carried out to identify proximal DNA bases and protein amino acids. The found cross-linked peptide had the RKAKIIRDYGK sequence corresponding to amino acids 263-273 in the C-terminal domain. This result indicates that the sixth nucleotide from the nonprocessed strand end is located near Lys264 or Lys266. Our structures are in excellent agreement with these findings, as the lysine 264 is in the vicinity of the phosphate between nucleotides 6 and 7 of the unprocessed DNA strand ( Supplementary Figure 9) . This confirms the importance of the C-terminal domain for the mechanism of integration and viral DNA binding.
Discussion

Architecture of the IN-LEDGF assembly
Mass spectrometry and cryoEM showed that the complex formed between the HIV-1 integrase and its cellular cofactor LEDGF contains 4 IN and 2 LEDGF molecules. This finding is consistent with biochemical data, indicating that an IN tetramer is the minimal complex required for the concerted DNA integration reaction (Li et al, 2006) . The in vitro catalytic activity and stability of this assembly are superior to that of IN molecules alone, indicating that LEGDF acts as a chaperone by preventing IN from aggregation or higher multimerisation. The existing atomic structures could be readily fitted into the EM envelope, thus, positioning the functional domains of the enzyme. Two main differences were detected between our model and the atomic structures. First, the crystal structure of the IN CCD:LEDGF IBD complex contains two copies of each protein, whereas our structure shows a 2:1 stoechiometry where each LEGDF interacts with two IN molecules. Second, according to the available X-ray crystal and NMR structures, the IN N-terminal domains form dimers with different interfaces, suggesting that this interaction is not specific (Li et al, 2006 ). In our model, this domain does not dimerise but instead contacts the CTD of its own IN molecule (NtA-CtA, NtB-CtB) ( Figure 3A ). Very recently, the structure of the two domains HIV-2 integrase (CCD and NTD) in complex with the LEDGF IBD has been solved and is in agreement with our model (Hare et al, 2009) . In this structure, the IN-NTD does not dimerise and is positioned as in the EM model. Moreover, a single LEDGF molecule is associated to each IN dimer. The contact between the residues E10 from IN and R405 from LEDGF shown in the crystallographic structure is in agreement with our model, as these residues are within reach in our complex (Supplementary Figure 10) . The domains arrangement has important functional consequences as the two IN molecules form a dimer, within which they adopt an asymmetric organisation and fulfil distinct functions. Thus, the 4 IN molecules (A1, A2, B1 and B2) are organised into two asymmetric IN dimers (1 and 2) related by a two-fold axis. Such an asymmetry has been inferred previously from chemical cross-linking experiments, which showed that intra-dimer and inter-dimer contacts were not equivalent, thus, excluding the possibility that the IN tetramer exhibits a four-fold symmetry (Faure et al, 2005) . Figure 3B ). Our data reveal two viral DNA sites that may correspond to two distinct functional states. In the 3 0 -processing mode, the viral DNA ends bind integrases from two different dimers, as the DNA is positioned in the 3 0 -processing active site of monomer B through an interaction with monomer A from the opposite dimer. The C-terminal end of monomer A interacts strongly with both host and viral DNA, close to the integration site of the target DNA and to the 3 0 OH end of the viral DNA. In the integration intermediate, the viral DNA and the C-terminus of monomer A are displaced to position the 3 0 OH of the viral DNA towards the target integration sites separated (Pruss et al, 1994b) . These findings agree with previous studies that established the important role of the C-terminal domain for both the concerted integration and the 3 0 processing (Li and Craigie, 2005) . Our results highlight the role of LEDGF as a molecular chaperone that stabilises IN as a tetramer, which was shown to be the catalytically active form of the enzyme (McKee et al, 2008) . Table I summarises results from the cross-linking and mutational experiments. Numerous experiments have been carried out by Brown (1997, 1998) and all are in excellent agreement with our model. The N-terminal IN fragment (1-12) has been shown to interact with target DNA and our model reveals that monomer A1 is involved in this contact, as it is in interaction with the nucleotides 10 to 14 ( Figure 4A ). The C-terminal domains (fragments 213-246 and 247-270) have been shown to interact with both target and viral DNA. Our model confirms these cross-linking data, as the C-terminal domain of monomer A is placed between the target and viral DNA ( Figure 4B ). Mutational analysis showed that residues L234, R262 interact with the viral DNA (Lutzke and Plasterk, 1998) . Arginine 262 is in proximity of the nucleotides 10-12 of the processed strand, whereas L234 interacts with the first nucleotides of the unprocessed strand ( Figure 4C ). Cross-linking experiments shown in this report further indicate that K264 interacts with nucleotide 6 from the unprocessed strand, which is fully consistent with our model ( Figure 4D ). Our structure confirms the findings that two fragments of the CCD (49-69, 139-152) interact with the viral DNA ( Figure 4G ), fragment 49-69 with nucleotides 1-4 of the processed strand and fragment 139-152 with nucleotides 1-4 of the unprocessed strand. Interestingly, a flexible loop between residues 141 and 145, unresolved in the X-ray structures, is in a key position between the 3 0 -processing active site and the scissile phosphate in the target DNA. A photo cross-linking experiment showed that K156 and K159 from the core domain interact with the viral DNA (Jenkins et al, 1997) . In our structure, these lysines interact with nucleotides 4-5 of the processed viral DNA strand ( Figure 4H ). Close to these residues, glutamine 148, which has been shown to make a specific interaction with nucleo- tide 2 of the unprocessed strand (Johnson et al, 2006) , is placed at a suitable position in our structure. Finally, the probing of IN-DNA interactions with viral DNA analogue highlighted the nucleotides of the processed (Pr) and unprocessed (Un) strands of viral DNA in interaction with IN (Agapkina et al, 2006) . These interactions are fully consistent with our model, as nucleotides 3-6 from the unprocessed strand interact with the catalytic core domain of monomer B2, whereas nucleotides 4-9 from the unprocessed strand interact with the C-terminal end of monomer A1 ( Figure 4I ). Taken together, the full agreement of these independent biochemical and genetic experiments validates our model.
Architecture of the IN-LEDGF-DNA complex
Analysis of protein-DNA interactions from cross-linking and mutational experiments
Integration mechanism
Physiological integration of the viral cDNA into the host genome requires to join both ends of the viral cDNA on opposite strands of the target host DNA. The enzymatic reaction can be divided into two steps; an early 3 0 processing of the viral DNA ends and a later concerted integration step occurring after target DNA binding. Our data revealed two viral DNA positions that reflect these two steps ( Figure 5A ). In the first step, the viral DNA ends interact with the IN tetramer allowing its precise positioning into the catalytic site for 3 0 processing. In the second state, after target DNA binding, two main conformational changes have to occur. First, the N-and C-terminal domains move to clamp the host DNA and second, the C-terminal of monomer A is rotated (1401) to direct the 3 0 OH of the viral DNA, which is rotated by about 901 towards the scissile phosphate of the target DNA ( Figure 5B; Supplementary Figure 8 and Movie 4). A higher resolution structure of biochemically stabilised intermediates will be needed to precisely describe these conformational changes. This proposed mechanism for HIV-1 integration into the host genome clarifies the positions and the roles of the integrase domains and of the DNA molecules involved in the reaction. The need of an asymmetric dimer in which each monomer performs a distinct function explains that the use of the F185K mutation (strongly implicated in the dimerisation interface) that leads to a symmetric dimer structure did not result in a functional structural model. The importance of the interactions between the C-terminal domain with viral and host DNA for the integration mechanism make it a target of choice for structure-based drug design experiments. For example, our structure predicts that mutations that affect HIV-1 integrase sensitivity to the new generation of integrase inhibitors (e.g., Raltegravir) (Malet et al, 2008) are mainly implicated in the interactions with viral and host DNA and would have no effect on the IN/LEDGF interactions.
The essential role of cellular cofactors in the assembly and folding of individual molecules into large functional units is further illustrated and will prove to have major implications for other retrovirus families. The understanding of the integration process and of the role of cellular cofactors has wide implications for basal mechanisms of numerous viral-induced pathologies such as retroviral-induced cancers. Viral integration near cellular proto-oncogenes or tumour suppressors can affect the expression of these proteins by proviral insertional mutagenesis and can lead to tumorogenesis (Lewinski and Bushman, 2005) . The mechanism of DNA recombination as catalysed by the IN/LEDGF complex may represent a model system to understand retroviral-induced pathologies that provokes genome instability.
Materials and methods
Production and purification of IN and LEDGF
The GST-IN and His 6 -LEDGF were produced in Escherichia coli BL21(DE3) host strain (Novagen) transformed by pRARE isolated from Rosetta DE3 strain (Novagen). Cells were grown at 371C in 1 L of LB containing 10% sucrose, 100 mg/ml ampicillin and 17 mg/ml chloramphenicol up to an OD 600 of 0.6. Protein expression was then induced with 0.5 mM isopropyl-b-D-thiogalactopyranoside and cells were further grown overnight at 181C before harvesting. Cells were resuspended in 50 ml of buffer A [50 mM HEPES pH 7.0, 1 M NaCl, 5 mM MgCl 2 , 7 mM CHAPS, 2 mM b-mercaptoethanol, 5% glycerol, 1 mM PMSF] per litre of culture and lysed by a microfluidizer processor (Microfluidics). GST-IN was enriched from soluble fraction by chromatography on a 5-ml GSTrap4B column (GE Healthcare) and eluted with buffer A containing 20 mM reduced glutathione. The His 6 -tagged LEDGF was processed in the same way except that the lysate was passed through a 5-ml Hitrap-Ni column (GE Healthcare), and the protein was eluted by a linear gradient of imidazole (from 7.5 mM to 250 mM) in buffer A. GST-IN and His 6 -LEDGF were mixed at a 1:3 molar ratio, respectively, and dialysed against buffer B [50 mM HEPES pH7.0, 150 mM NaCl, 5 mM MgCl 2 , 2 mM b-mercaptoethanol]. The complex was adsorbed onto glutathione-Sepharose (GE Healthcare) and eluted with 20 mM reduced glutathione in buffer B. Fractions were pooled and the GST-tag was removed by 2 days digestion at 41C with 50U of P3C Summary of interactions seen in cross-linking and mutational experiments. The nucleotides numbering is as described in Figure 4F . In italic are the published residues found to interact with DNA and in bold are the corresponding interacting nucleotides that are found in our structure (for reference (Agapkina et al, 2006) , in italic are the published nucleotides and in bold the interacting IN domain). 
High-mass MALDI ToF mass spectrometry analysis
High-mass MALDI mass spectra were obtained using an MALDI-TOF Reflex IV (Bruker Daltonics, Bremen, Germany) equipped with a HM1 high-mass retrofit system (CovalX AG, Zü rich, Switzerland). The instrument was operated in linear mode by applying an accelerating voltage of 25 kV. The HM1 system was operated in the high-mass mode with acceleration voltage set to 20 kV and gain voltage set to 2.7 kV. Mass spectra were acquired by averaging 300 shots (three different positions in each spot and 100 shots per position). All subsequent mass spectra acquisitions were carried out by applying the same laser fluency. The cross-linking reactions were realised using a solution containing different cross-linkers specific for amino and sulfhydryl groups. The cross-linking reactions were carried out using a reagent composed of iodoacetic acid Nhydoxysuccinimide ester, Octaneodic acid di-N-hydroxysuccinimide ester and ethylene glycol bis-succinimidylsuccinate (K200 MALDI MS analysis Kit, CovalX AG, Zü rich, Switzerland). Cross-linking reagents were added to 10 ml at 0.6-1.2 mM of the complex and incubated for 2 h to achieve a complete reaction. The sample was then mixed with a matrix solution (1:2 v/v) of sinapic acid (10 mg/ ml) containing 70% acetonitrile (v/v) diluted in deionised water with 0.1% TFA. After mixing, 0.5 ml of the mixture was deposited on the MALDI target using the dried-droplet method.
IN and IN-LEDGF complex activity assay
Integrase activity was studied by mixing 100 nM of integrase (free or in complex with 50 nM LEDGF/p75) and 2.5 nM of 32 P-labelled U5duplex (21-or 40-mer) in 20 ml of a buffer containing 20 mM Hepes The EMBO Journal VOL 28 | NO 7 | 2009 987 (pH 7.5), 10 mm dithiothreitol, 7.5 mm MgCl 2 at 37 1C. Free recombinant integrase protein was produced in E. coli and purified as described previously (Leh et al, 2000) . Various incubation times were used. The reaction was stopped with 80 ml of a buffer containing 9 mM Tris/HCl (pH 7.5), 6 mM EDTA, 0.125 mg ml À1 glycogen, 400 mM NaOAc. DNA fragments were precipitated with ethanol, then suspended in loading dye (80% formamide, 0.05% bromophenol blue, 0.05% xylene cyanol) and separated on a 20% polyacrylamide denaturing gel. Gels were analysed on a STORM 840 PhosphorImager (Molecular Dynamics). The amount of reaction products was measured and quantified using IMAGE QUANT 4.1 software.
Negative stain cryo-electron microscopy and image processing
The purified complexes were diluted to a concentration of 20 mg/ml in buffer B containing 20% glycerol. Ten microliters of this preparation were placed on a 10-nm thick carbon film treated by a glow discharge in air. After 2 min of adsorption, the specimen was negatively stained with a 2% (w/v) uranyl acetate solution, sandwiched between a second carbon film and allowed to partially dry for 2 min before being plunged into liquid nitrogen. Images were recorded under low-dose conditions with an FEI Tecnai 20 TEM operating at 200 kV and at a temperature of À1721C. The image data set was acquired on photographic plates (SO163, Eastman-Kodak, Rochester, NY) at 62.000 Â magnification and at defocus values ranging from 1.2 to 2.1 mm. The micrographs were digitised using a drum scanner (Primescan D7100, Heidelberg) to obtain a final pixel spacing of 0.164 nm. Image analysis was carried out using the IMAGIC software package (Van Heel et al, 1996) (Image Science Software, Berlin, Germany), as described earlier (Jawhari et al, 2006) . The negatively stain cryoEM images were CTF corrected by phase inversion using the EMAN software (Ludtke et al, 1999) , a semiautomated software for high-resolution singleparticle reconstructions (Supplementary Protocol 1) . The analysis of negatively stained single IN/LEGDF complexes revealed the presence of a two-fold axis that was used to reconstruct a first 3-D model (Supplementary Figure 2) . The negatively stain cryoEM data set was analysed independently to obtain a stable clustering of the images into 1000 classes whose projection directions were determined using the initial model to produce an anchor set for angular reconstruction. The 3-D model was further refined by multiple rounds of alignment using reprojection of the model as references followed by standard clustering and 3-D reconstruction steps. Resolution was assessed using the Fourier shell correlation (FSC) function between two 3-D reconstructions obtained by splitting the data set in two and by using the 0.145 FSC criterion (Rosenthal and Henderson, 2003) . The IN/LEDGF/DNA complex was processed identically and prepared as described in Supplementary Protocol 2. An independent model was constructed making use of the two-fold symmetry to avoid any bias from the DNA-free model. The final model was calculated after having sorted out 25% of the images, which correlated better with the DNA-free model and were likely to have not bound DNA.
Protein-DNA cross-linking
Cross-linking experiment. Detailed procedures as well as the sequences and the synthesis of modified oligonucleotides are described in Supplementary Protocol 3. To prepare the substrate analogue with an aldehyde group, solution of the DNA duplex 40-U5ald (15 pmol) containing the oligonucleotide U5A6-ald in 10 ml of 30 mM Na-acetate, pH 4.5 was supplemented by 15 ml of 200 mM fresh solution of NaIO 4 in 30 mM NaOAc and incubated at 251C for 1 h. Then 2 M LiClO 4 water solution was added; the duplex was precipitated with acetone, dissolved in 600 ml of 20 mM Hepes, pH 7.2, 7.5 mM MgCl 2 , 1 mM DTT and incubated with 10 mg of IN-LEDGF complex at 371C for 1 h. The mixture was supplemented with 5 ml of 4 M fresh solution of NaBH 3 CN and incubated at 371C for 30 min. This reaction was repeated 25 times and 7 ml of 10% SDS solution was added to the total mixture and evaporated to 150 ml. This mixture was then desalted on Microcon YM-3 centrifugal filters (Millipore Corporation, Bedford, MA, USA). In parallel, the same procedure was carried out by using the DNA duplex 40-U5ald (2 pmol) containing 32 P-labelled oligonucleotide U5A6-ald.
Trypsin-mediated hydrolysis of the integrase covalent complex with the substrate analogue. The reaction mixture obtained after the cross-linking was dissolved in 200 ml of 40 mM NH 4 HCO 3 , 1 mM DTT, 2 mM EDTA and 2.5 mg of trypsin (Sigma-Aldrich Inc., St Louis, MO, USA) and incubated at 371C for 20 h. Trypsin was extracted with phenol/chlorophorm/iso-amyl alcohol (25:24:1 v/v/v); the cross-linking products containing mixture was purified by gelfiltration on Microcon YM-3 centrifugal filters and loaded onto 20% acrylamide/urea gel. Gel images obtained for 32 P-labelled products were recorded on a STORM 840 TM Phosphorimager (Molecular Dynamics, Sunnyvale, USA). The main band corresponding to cross-linked conjugate was cut out. The conjugate was eluted from gel using 300 mM Na-acetate and then purified using a series of successive procedures, that is, desalting on Microcon YM-3 centrifugal filters, ion-exchange chromatography on Fe 3 þ -NTAagarose prepared as described in Stensballe et al (2000) followed by the second desalting on Microcon YM-3 centrifugal filters. A part of the purified samples was analysed by MALDI-TOF mass-spectrometry and another part underwent HF treatment to hydrolyze the oligonucleotide fragment of the conjugates.
HF treatment. The DNA-peptide conjugate was dried in vacuum, supplemented with 40 ml of HF (48%; Fluka, Neu-Ulm, Germany) and incubated at 41C for 16 h. Then the excess of HF was evaporated and HF traces were completely removed by three successive evaporations with methanol.
